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Hydrocarbon Surface Chemistry on Si(100)

C.C. cheng, P.A. Taylor,l) R.M. wallace,2) H. Gutleben,3)
L. Clemen,4) M.L. Colaianni, P.J. Chen,5) W.H. Weinberg,6)
W.J. Choyke,4) and J.T. Yates, Jr.

Surface Science Center
Department of Chemistry

University of Pittsburgh
Pittsburgh, PA 15260

Abstract

The interaction of various hydrocarbon species with the
Si(100) surface has been investigated using several surface
science techniques. The efficiency of carbon deposition is
related to the efficiency of SiC thin film formation. The
hydrocarbon species studied include acetylene (CyH3), ethylene
(C2H4), and the adsorbed methyl group (CH3(a)). In the case of
the chemisorption of acetylene and ethylene, the r-bond of the
olefinic molecules interacts with the dimer unit (Si;) on the
S1(100)-(2x1) surface. One monolayer of both acetylene and
ethylene on Si(100) has been achieved by saturating the
surface at 105 K, and a di-¢ bonding structure is proposed for
one molecule per Si; dimer unit at monolayer coverage. Upon
heating, the majority (> 95 %) of the adsorbed acetylene
undergoes dissociation to produce chemisorbed carbon and
Ho(g). In contrast, chemisorbed ethylene desorbs intact from
Si(100) at ~ 550 K, with approximately ZV% of the monolayer
undergoing dissociation. The low activation energy for
desorption (Eg°®(CzH4q)= 38 kcal mol-l) allows C,H4 to desorb
prior to significant decomposition.

Investigations of the thermal behavior of CHj(a) on Si(100)
show that the adsorbed methyl group is stable up to ~ 600 K.




At higher temperatures, CHj(a) decomposes to CHx(a) (x < 3)
species, and subsequently liberates H,;(g), leaving carbon on
the surface. Less than 1 % of the adsorbed carbon species
(CHg, x < 3) desorbs in the form of C, hydrocarbon species
upon heating. This indicates that the methyl group is an

efficient source of surface carbon by thermal decomposition.
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1. INTRODUCTION

The mechanism by which a molecule interacts with a
crystalline semiconductor surface is of fundamental importance
in semiconductor technologies. Various vapor deposition
methods and epitaxial growth procedures are largely dependent
on the interaction of gaseous molecules with the substrate
surface. Knowledge of the nature of the elementary chemical
processes at the surface, and the bonding structure as well as
the chemical nature of the chemisorbed species is therefore
important.

The adsorption and thermal behavior of hydrocarbon
molecules on well-defined silicon surfaces is of considerable
interest since such species are used in the formation of SicC
thin films[1-10] or in epitaxial diamond film growth [11].
This paper is a review of our investigations of the
interaction of various hydrocarbon species with the Si(100)
surface [12-17]. It is known that the redonstructed Si(100)
surface consists of parallel rows of Si; dimers with one
dangling bond on each surface Si atom. As a result of Si
dimerization, a (2xl) superlattice is observed by low energy
electron diffraction (LEED) [18], and by scanning tunneling
microscopy (STM) [19]. The study of the chemisorption of a
number of hydrocarbon molecules on the Si(100) éurface has
shown that the x-bond in an unsaturated hydrocarbon is the
active center for reaction of these molecules with a clean
Si(100) surface {20])]. In contrast, the saturated hydrocarbon

molecules, containing only single bonds (o-bonds) between




carbon atoms, do not react with the clean Si(100) surface at
low temperatures [20].

The hydrocarbon species studied in this work include
acetylene (CzHz) (12,15), ethylene (CyH4) (12-14], and the
adsorbed methyl group (CH3(a)), produced by dissociative
adsorption of CH3I [16,17]. Various surface science techniques
have been employed, including quantitative uptake
measurements, temperature programmed desorption (TPD), Auger
electron spectroscopy (AES), and vibrational spectroscopy.
Both C;H; and CyH4 are studied because of the multiple carbon-
carbon bonds in these two molecules and also because both
molecules have been used in the growth of SiC films [2-6,10].
One monolayer of both acetylene and ethylene on Si(100) has
been achieved by saturating the surface at 105 K, and a di-o
bonding structure is proposed for one molecule per Si; dimer
unit at monolayer coverage. Upon heating, the majority (> 95
%) of the adsorbed acetylene undergoes dissociation to produce
chemisorbed carbon and Hy(g). In contrast, chemisorbed
ethylene does not dissociate appreciably on Si(100) and
desorbs intact at ~ 550 K.

The methyl radical is also generally considered as an
active species for carbon deposition using plasma sources as
well as in high temperature CVD reactors [9,11]. Oﬁr
investigations of the thermal behavior of CHj(a) on Si(100)
show that the adsorbed methyl group is stable up to ~ 600 K.
At higher temperatures, CH3(a) decomposes to CHx(a) (x < 3)

species. Combining the results from AES and TPD studies, we




conclude that the methyl group is an efficient source of

surface carbon by thermal decomposition.

2. EXPERIMENTAL

The ultrahigh vacuum (UHV) system (with a base pressure of
1 x 10~10 Torr) and the S1(100) crystal preparation have been
described previously [12-16]; selected aspects will be
summarized here. The system is equipped with an Auger electron
spectrometer, an argon ion sputtering gun, a collimated and
calibrated microcapillary array doser {21], and a multiplexed
quadrupole mass spectrometer (QMS) with capabilities for both
random flux and line-of-sight detection [22]. Heating of the
Si(100) crystal (15 x 15 x 1.5 mm; p-type; B-doped; 10 {-cm)
is provided by a Honeywell programmable temperature controller
used to drive a feedback circuit to control the power to the

crystal [23].

For the adsorption of molecular species, a calibrated
microcapillary array doser was used to deliver the gas
molecules onto the Si(100) surface [21]. The doser contains an
internal pinhole aperture (2 um diameter) whose conductance
has been calibrated accurately for the molecular species to be
studied [(12]. The partial pressure change of the molecular
species during adsorption was monitored by tpe mass

spectrometer with the shield open and in a random flux

detection geometry. Using the same mass spectrometer




(differentially-pumped), TPD measurements can be made with the

shield closed and in a line-of-sight detection geometry.

Surface cleanliness and the relative coverages of
adsorbates were verified by AES. All the AES data reported
here were obtained by averaging at four or more positions on
the prepared surface. In addition, a second UHV chamber,
equipped with a high resolution electron energy loss
spectrometer (HREELS), is used for the surface vibrational
spectroscopic studies ({17]. The typical primary beam energy
used for HREELS measurements is 4.2 eV with a full width at

half maximum of 65-70 cm~1.

3. RESULTS AND DISCUSSION
3.1 Absolute coverage measurements for C;Hy and CyHy

Figure 1(A) shows a schematic diagram of the apparatus
employed to measure the absolute coverage of adsorbate during
the adsorption process. A collimated beam of molecular species
is delivered from a doser containing a microcapillary
collimator array. The absolute flux of the collimated beam
onto the crystal surface is determined from the calibrated
conductance through the internal pinhole aperture [12] and
from the calculated angular distribution of the beam [24].
Before the measurement, the cleaned Si(100) crystal is placed
in a known position relative to the doser, and a movable
shutter is placed between the doser and the crystal to
separate the crystal from the direct beam. After a flux of gas

molecules has been established through the doser, the shutter




is then moved out of the beam and adsorption begins to take
place on the surface. The gas molecules which miss the
crystal, or which strike the crystal and do not adsorb, are
measured with the shielded QMS which detects only the random
flux of non-adsorbed species. For a detailed description of
the measurement method, the interested reader is referred to
References 12 and 25.

A typical adsorption measurement for CoHy on Si(100)-(2x1),
at a crystal temperature of 105 K, is shown in Figure 1(B).
when the shutter is moved out of the beam, the partial
pressure of CyH, detected by the mass spectrometer decreases
instantly, from P; to P5, indicating that the adsorption of
CoH, onto the Si(100) surface occurs. The fraction of gas
molecules striking the surface and adsorbing can be determined
by the ratio of (P; - P3)/(P; - Pg), which is 0.45 £ 0.01 for
CoHy. This is in excellent agreement with the calculation
which shows that the fraction of the beam intercepted by the
crystal is 0.46 + 0.05, based on the known doser and crystal
geometry [24]. This indicates the .nitial CyH; sticking
probability. S(0), is nearly unity at 105 K. Knowing the
absolute flux, F, and the sticking probability, S(t), the
absolute coverage, N(t), in the time interval t can be
directly determined from the kinetic uptake curve (as shown in

Figure 1(B)) according to the following equation,

N(t)= F § S(t) dt.




With an additional small correction in the low sticking
probability region (the region where the adsorption efficiency
is beyond the detection limit of the mass spectrometer) [12],
we have determined that the saturation coverage of C;H, on the
Si(100)-(2x1) surface is 2.5(t 0.2) x 1014 molecules/cm2.
Using the same measurement, an identical saturation coverage
has been determined for C,H4 on Si1(100) at 105 K. On a perfect
reconstructed Si(100)-(2x1) surface, the dimer density is 3.4
x 1014 si, dimers/cm?. However, a high density of defects,
like missing dimers, are cenerally seen on an UHV-prepared
surface [19]. Missing dimer defects were also suggested to
stabilize the Si(100) reconstruction [26]. STM measurements
often shows a 5-10 % defect density on Si(100) surface. Since '
other studies have shown that defects are inactive for olefin
adsorption [27], the saturation capacity of Si(100) will be
reduced in proportion to the defect density. Assuming a 10 %
defect density, the saturation coverage on non-defective
Si(100) sites is near unity (0.8 + 0.07), i.e., our
measurements suggest that each Si; dimer site adsorbs a single
CaHz or CyH4 molecule. This chemisorption model, which
involves the formation of Si-C bonds between the carbon atom
pair of the chemisorbed olefinic molecule and the silicon atom
pair in a Si, dimer, is supported by the preservation of the
(2x1) LEED pattern upon chemisorption of C;H, and CyH4, by
HREELS measurements [28,29], and by thermodynamic arguments

[14,15].




3.2 Thermal behavior of chemisorbed C,H; and CyHy

Thermal desorption studies for both CyH; and CyH4 on
Si(100) reveal that the only desorption products are the
intact molecules (C;H, and CyH4) and Hp. TPD spectra obtained
after saturating the Si(100) surface with Cy;H, and CyH4 are
shown in Figures 2(A) and 2(B), respectively. Using the
analytical method developed by Chan, Aris, and Weinberg [30],
the activation energy for desorption (Ej) and the pre-
exponential factor (kg) can be determined by using the full-
width-half-maximum of the desorption peaks. This analysis was
performed for various initial coverages. Assuming first-order
desorption kinetics, E4 and kg in the zero-coverage limit for
both molecules are: Eq°(CpH3)= 46.1 t 2.0 kcal/mol, kg°(CpHjy)=
2 x 101321 s-1 [15); and Eg°(CyHg)= 38.0 t 1.5 kcal/mol,
kq®(CaHg)= 5 x 1013%0.5 s-1 [14).

Also measured was the thernal desorption of molecular
hydrogen, which is evolved from thermal decomposition of the
chemisorbed hydrocarbon molecules (Figure 2). This desorption
feature occurs at T 2 700 K which is near that for Hj
desorption from the monohydride phase (H-Si-Si-H) on Si(100).
Based on the magnitude of the H, desorption signals, the
extent to which the chemisorbed hydrocarbon molecules has
decomposed on the S1(100) surface during heating can be
estimated. By comparing the yield of H; desorption from a
saturated overlayer of CyH, with that from a saturated
monohydride phase (the amount of H, desorbed from the

saturated monohydride phase corresponding to 1 monolayer (ML)=
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6.8 x 1014 H/cm2 [31]), the integrated area of Hy desorption
from decomposition of C;Hy is estimated to be ~78 % of 1 ML.
For a CyHp coverage of 0.8 £+ 0.07 ML, this therefore indicates
that the major reaction pathway for chemisorbed C;H; on
Si(100) is thermal decomposition of C,H, with subsequent
hydrogen desorption; and only a small fraction of CyH, desorbs
as the intact molecule (Figure 2(A)). A similar analysis has
been done for the thermal desorption of C;H4 on Si(100). In
contrast to the thermal behavior of chemisorbed C;H,, the
measurements indicate that approximately 98 % of the
chemisorbed Cy;H4 desorbs as intact molecules without
decomposition (Figure 2(B)) [32].

The conversion of chemisorbed hydrocarbon to surface carbon
was also investigated using AES. In Figure 3, the ratios of
C(KLL) to Si(LvV) signals indicate that the amount of carbon
retained on the surface is a function of the crystal
temperature. Heating of a CyH, saturation overlayer through
the CyH, desorption temperature results in a ~5 % decrease of
the C/Si Auger intensity ratio as judged by the averaged data
in Figure 3. This confirms the TPD measurements which show
that the desorption process is a minor reaction pathway for
CzHy on Si(100). Heating above ~800 K causes the C(KLL) signal
to decrease as carbon diffuses into the bulk. Qualitatively,
similar results have been reported for the decomposition of
propylene (H,C=CH-CHj3) on S1i(100) with subsequent carbon |
penetration at higher temperatures [27]. On the other hand,
investigation of thermal behavior of CoH4 on Si(100) using AES

11




shows that the carbon coverage decreases distinctly at ~550 K,
and has dropped to nearly zero by ~600 K [l14]. This
corresponds to the temperature range in which C,;H4 desorption
occurs (Fiqure 2(B)).

The information contained in Figures 2 and 3 shows that
chemisorbed CoH4 decomposes very inefficiently on Si(100), in
sharp contrast to chemisorbed C,H, which dehydrogenates nearly
completely (> 95 %). The main difference between the
interaction of these two molecules with the Si(100) surface is
the activation energy for desorption: Eq°(CzHz)= 46.1 £ 2.0
kcal/mol; Eg°(CpH4)= 38.0 t 1.5 kcal/mol, which produces a
~160 K difference in desorption temperature. The low
deso on_a vatijion ene o 2Hg. allows the adsorbed CoHy
to desorb at a lower tempera e o] s cant
dec where e e t vatio e
ﬁg;_gzﬁz causes the adsorbed Czﬂz to be retained on the

ac o_a er temperature where dehydrogenatio
dominates the surface process. In addition, mechanistic
studies using the isotopic mixing method (l3cyHy4 and 12C,H,)
have shown that less than 1 % isotopic mixing of ethylene
occurs in the temperature range of 500 K ~ 950 K where the
desorption and decomposition of C;H, takes place (13]. This
observation excludes the remote possibility that CjH,
desorption is via the scission of the carbon-carbon bond,
followed by recombination of CHy(a) fragments. We therefore
conclude that the low probability of SiC film growth at

elevated temperatures as previously reported (the efficiency

12
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of SiC formation using CyH4 is ~10-3 per collision at 940 K
(3,13}]) is mainly due to nondissociative behavior and
desorption of CoH4, rather than to inefficient CjHy
chemisorption. In fact, studies of the growth of a f-SiC film
on Si surfaces have shown that the growth rate obtained using
CyHy was larger than that obtained using CyH4 in an UHV

environment [10].

3.3 Thermal behavior of adsorbed CHj

The thermal stability of the adsorbed methyl group on
Si(100) was studied by using the dissociative chemisorption of
methyl iodide (CH3I) as a source of CHj(a). Experimental
evidence, based on both quantitative uptake measurements (the
method described in section 3.1) and TPD, indicates that the
CH3I molecule dissociates into a covalently bonded methyl
group and an iodine atom upon adsorption at 300 K [16].
Heating causes the decomposition of the adsorbed methyl group.
Figure 4 shows typical TPD spectra from CH3I on Si(100). The
main features observed are 2 amu (Hy* from Hp desorption) and
127 amu (I* from both HI and I desorption). The desorption of
C, hydrocarbon species (data not shown), occurring in the same
temperature range as the H; desorption peak, was also
observed. The amount of the adsorbed carbon species desorbing
in the form of C; hydrocarbon species was estimated to be less
than 1 % [16]. In addition, neither thé desorption of methane
nor the desorption of CH3I was observed. These results suggest

that CH3(a) on Si(100) is stable up to ~ 600 K. At higher

13




temperatures, the adsorbed methyl group decomposes and
liberates Hy(Q).

The thermal stability of CH3(a) on Si(100) has also been
witnessed by vibrational spectroscopy using HREELS [17].
Figure 5 shows the vibrational spectra obtained after the CH3I
adlayer on Si(100) was heated to the indicated temperatures.
Characteristic C-Hy (3 =2 x 2 1) vibrational modes are
observed in three regions: the C-H stretching modes in the
2800-3200 cm~! region, and the C-H deformation modes in the
1100-1600 cm~l and 700-1000 cm~! regions {33,34]. The
‘'vibrational spectrum shown in Figure S5(A) was obtained after
CH3I adsorption at 300 K. In addition to the CHy vibrational
modes, the presence of the Si-I stretching vibration at 435
cm-l and the absence of the C-I stretching mode at 525 cm-1
confirm that CH3I dissociates into CH3(a) and I(a) at 300 K.
Identical spectra were observed by heating the surface up to
600 K. Further heating to 700 K (Figure 5(C)) causes two
pronounced changes in the vibrational spectrum: (1) a large
intensification of the Si-H mode at 2140 cm~l; and (2) a new
frequency mode developing at 980 cm~l. The appearance of the
Si-H mode at 700 K suggests that the adsorbed methyl group has
bequn to decompose to CH;(a) and/or CH(a) species. This is
also supported by the development of the new vibrational
feature at 980 cm~l which can be assigned to either a CH,
rocking mode [33] or to a C-H deformation mode [34,35]. The
vibrational spectrum recorded after heating to 775 K (Figure

S(D)) shows that all the CH3 and CH, deformation modes in the
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1100-1600 cm~! region have disappeared, indicating the
decomposition of all the CH3(a) and CH;(a) species. In
addition, the presence of CH(a) up to 775 K is indicated by
the §(C-H) bending deformation at 945 cm-l and the attenuated
C-H stretching mode at 2970 cm~l. By 850 K, only a 770 cm~1
vibrational loss remains which is due to carbon on the surface
(36]. These results provide the direct evidence for the
thermal stability of CH3(a) on Si(100).

The lack of a desorption pathway (< 1 %) for chemisorbed
CHg(a) (X < 3) species suggests that the efficiency for the
conversion of the CHg(a) species to surface carbon is near
unity. Figure 6 shows the thermal effect on both carbon and
iodine Auger intensities. The change of carbon Auger intensity
is negligible up to ~ 760 K when a monolayer produced from
CH3I is examined. At higher temperatures, diffusion of surface
carbon into the bulk is observed as shown by the decrease of
the carbon Auger intensity. The ‘'iodine signal, on the other
hand, begins to decrease at ~ 700 K and becomes undetectable
above 900 K. The decrease of iodine Auger intensity is
consistent with the thermal desorption of iodine and hydrogen
iodide shown in Figure 4. Combining these results with TPD and
HREELS studies, we therefore conclude that the methyl group is
an efficient source for carbon deposition on Si(100).

Finally, the general observation of carbon diffusion at T
= 800 K (Figures 3'and 6, and Ref. 27) suggests that a supply
of surface Si can be achieved by heating during SiC thin film

growth process. In fact, it has been shown, for the reaction
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of Si(100) with CoH4, that the formation of a SiC film only
occurs at T = 940 K [5). In addition, it was found that the
surface of the growing film was covered with a Si layer,
indicating that surface aggregation of bulk Si on top of the
growing SiC film occurs [5]. Recently, the epitaxial growth of
SiC crystals has been achieved from the reaction of Si(100)
with a low flux beam of CoHy (< 6 x 1015 molecules s—1 cm—2)
at 1100 - 1300 K. These studies also confirmed that the
surface under reaction conditions was covered with a Si-rich

layer [2].

4. SUMMARY

The adsorption and thermal behavior of various hydrocarbon
species (CyHp, CpH4, and CHj(a)) on the Si(100)-(2x1l) surface
have been investigated. The major findings are summarized
below:

(1) A quantitative uptake measurement method has been
developed using an accurately calibrated beam doser and a
shielded QMS for random flux detection. The results of the
CaHa (CyHy) chemisorption on Si(100) at 105 K show that the
chemisorbed C;H, (CzH4) forms a saturated monolayer with one
CaHy (CzHy) per Si; dimer site, producing a di-o surface
complex.

(2) Chemisorbed C,;H,; predominantly undergoes
dehydrogenation, leading to carbon deposition. A minor
reaction pathway (< S %) involves desorption of CyHy with an

activation energy at the zero-coverage limit (Eq®) of 46
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kcal/mol. In contrast, chemisorbed C,;H4 desorbs predominantly
without appreciable dissociation. The relatively low binding
energy for CyHy4, as suggested from its low activation energy
for desorption (Eq°(CyH4)= 38 kcal/mol), allows the
chemisorbed CyH4 to desorb at a lower temperature prior to
significant C-H bond activation.

(3) The adsorbed methyl group on Si(100) is stable up to
~ 600 K. At higher temperatures, CHj3(a) decomposes to CHyg(a)
(X < 3) species and subsequently liberates Hy(g), leaving
carbon on the surface. The lack of a desorption pathway (< 1
%) for chemisorbed CHy(a) (X =< 3) allows the CHy(a) species
to decompose completely, suggesting that the methyl group is
an efficient source for carbon deposition.

(4) The general observation of carbon diffusion into the
bulk at T = 800 K (Figures 3 and 6, and Ref. 27) suggests
that a supply of surface Si for epitaxial growth of SiC can be
achieved by heating during the growth process.
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FIGURE CAPTIONS

Figure 1.

Figure 2.

Figure 3.

Figure 4.

(A) Schematic diagram of apparatus for quantitative
uptake measurements; (B) A typical kinetic uptake
measurement .for C,;H, on Si(100) at 105 K.

TPD spectra obtained after saturating the Si(100)
surface with CyHy (A) and CyH4 (B). The heating
rate for the TPD measurements was 1.0 K/s. Note
that the desorption spectrum of CyH2*/CoH; is
amplified by a factor of s.

The change in carbon Auger intensity upon annealing
a CyHp adlayer to different temperatures on
Si(100). The error bars represent a + 1 ¢ deviation
from the average of six AES measurements on the
surface.

Typical TPD spectra from CH3I on Si(100) with a
heating rate of 1.0 K/s.
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Figure S.

Figure 6.

Vibrational spectra of CH3I adsorbed on Si(100) at
300 K, followed by sequential heating to the
indicated temperatures with a heating rate of 1
K/s. All HREEL spectra were recorded after cooling
to 100 K.

Thermal effects on adsorbed CH3I on Si(100) using
AES. The Auger intensities are normalized to the

intensities of the saturated adlayer. Lines are

drawn to guide the eye.
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(A)
Schematic of Uptake Measurement
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TYPICAL TPD SPECTRA FROM CH,l ON Si(100)
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Intensity (arb. units)

Thermal Decomposition of CH,(a)
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THERMAL EFFECTS FOR CH,I ON Si(100)
USING AUGER ELECTRON SPECTROSCOPY
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